ABSTRACT: Electron microscopy of biological cells in liquid provides unique nanoscale information. A highly attractive idea is the capability to also study physiological processes of live cells with electron microscopy. However, this idea seems unrealistic because the minimal needed electron dose to obtain contrast is already many orders of magnitude above the lethal dose known to cause reproductive-cell death. We show here that claims of electron microscopy of viable cells in recent reports are based on a questionable interpretation of the used fluorescence live/dead assay. A practical alternative to study biological processes is correlative light and electron microscopy. the question has arisen if it is possible to image the ultrastructure of live cells or even certain processes of a life cell using these methods. Unfortunately, these aims seem unrealistic for reasons of radiation damage.
W ith the availability of systems for electron microscopic studies of biological cells in their native liquid environment with nanoscale spatial resolution, 1−5 the question has arisen if it is possible to image the ultrastructure of live cells or even certain processes of a life cell using these methods. Unfortunately, these aims seem unrealistic for reasons of radiation damage. 3,6−8 The exposure to the electron beam leads to structural damage mostly due to the generation of reactive species, such as solvated electrons and H + and OH − radicals, and the direct breakage of molecular bonds; cell death already occurs at a dose many orders of magnitude below even the lowest doses used in electron microscopy. 6, 8 Nonetheless, a recent paper by Kennedy et al. 9 in ACS Nano claims that scanning transmission electron microscopy (STEM) of the physiology of live bacterial cells is possible using a radiation dose of 0.3 e − /Å 2 per image, at least 3 orders of magnitude above the lethal dose known to cause reproductive-cell death of the imaged specimen, e.g., Escherichia coli bacteria or Bacillus subtillus spores. 6, 8 For reasons described here, the claim of viability in the paper lacks experimental evidence and may represent an incorrect interpretation of the experimental data. Another group reported imaging of live cells with transmission electron microscopy (TEM) earlier. 10 It is important to critically discuss this topic to avoid false expectations toward the in itself promising capabilities of electron microscopy in liquid. 11, 12 An experimental configuration for STEM of cells in liquid is shown in Figure 1 . Cells fully embedded in liquid are enclosed by thin electron-transparent windows protecting them from the vacuum in the electron microscope. The contrast in the STEM images originates from elastic scattering of the electrons and depends on the differences in atomic number (Z) and density between the object under observation and the liquid. 3 Nanoscale information about eukaryotic cells with thicknesses of ∼5 μm can be obtained by using specific protein labels consisting of nanoparticles with high-Z cores. 2, 4 Yeast cells are thin enough so that it is possible to image the pristine structure with an order of magnitude better resolution 13 than what is achievable with conventional light microscopy, that is to say, without the help of fluorescent markers and super-resolution techniques. 14 Bacteria are even thinner, so that nanometer resolution can readily be observed, in particular, when the cellular ultrastructure contains or is stained with a metal. 9, 15 Important biological information can be gained with these methods complementing high-resolution cryo-TEM studies mostly involving laboriously prepared thin sections. 16 In order to understand what evidence is missing from the report claiming live-cell TEM, 9 one should consider the characteristics that define life. One of the most important characteristics of a live cell is its capability to reproduce. A study claiming the observation of the physiology of a life cell should contain a positive test on reproduction or a test on any of the other well-known characteristics of life and could, for example, consist of the incubation of the cells in growth medium af ter Letter to the Editor www.acsnano.org the electron microscopy experiment to observe both cell growth and division. Such test, however, is lacking altogether from the papers in question. Obviously a lipid vesicle containing a fluorescent dye is not alive. Yet, the authors claimed the absence of dye leaking from their objects under observation as key evidence of viability. 9, 10 The involved fluorescence live/dead assay is used in certain biological experiments as indication of an intact cell membrane 17 but does not necessarily provide the evidence of viability and requires careful interpretation. For example, the cell walls may prevent leaking for a period of time after cell death. In fact, the cells were incubated with a highly toxic chemical staining agent (uranyl acetate) to improve contrast in one of the reports, 9 which is known to fix and thus stabilize the lipid membranes in cells. 18 Also the toxicity-related control experiments should be questioned, but that is beyond the scope of this report. What may happen with cells containing fluorescent dye upon electron beam irradiation is described in the following.
In order to evaluate the effect of electron beam radiation on cells, a sample of live Schizosaccharomyces pombe yeast cells was imaged with liquid-phase STEM. In contrast to bacteria, yeast cells contain cell organelles that are visible with both light and electron microscopy, so that the effect of radiation can be more easily studied. The yeast cells were grown and harvested as described elsewhere. 13 The fluorescent dye FUN-1 (Invitrogen, Carlsbad, CA) was used as the live/dead assay. 17 A droplet containing live S. pombe cells was placed in a liquid enclosure for electron microscopy consisting of two microchips with electron-transparent windows. 19 The loading procedure was completed within 1 min and was immediately followed by examination with fluorescence microscopy. The fluorescence image of Figure 2a shows that the dye is located in the cells and also within many intact vacuoles visible as distinct red fluorescent spots indicating the viability of the cells. 17 For comparison, a fluorescence image recorded after electron beam irradiation is shown in Figure 2b . The specimen was transferred to the electron microscope after the recording of Figure 2a , and a low dose of the STEM image was recorded at the same location (Figure 2c) . The electron dose amounted to only 0.2 e − /Å 2 , below the lowest dose used in the live-cell paper. 9 Several features of the internal structure of the yeast are visible, such as the cell wall, secondary septa between two cells in the state of division, and darker areas indicating a lower density of material than the liquid. A second STEM image was also recorded at this location (Figure 2d) . However, despite the low dose, already many structural changes are visible. The periplasm has widened for most of the cells (examples are indicated with dashed lines), implying that the cell interiors enclosed by the plasma membrane have shrunken. One cell wall appears broken at the arrow. Also, the cell with the broken cell wall reduced in size from 4.0 to 3.6 μm, measured at the location indicated. The changes caused by electron bean irradiation are also apparent from fluorescence microscopy ( Figure 2b ). The vacuole signature is lost, so that the cells are now filled with a homogeneous fluorescent signal. The color has changed, and some of the dye is leaking (for example, at the arrow) as a result of broken cell walls. These are the known characteristics for dead yeast cells observed using the FUN-1 dye. 17 Since both STEM images already showed major structural changes, it can not be ruled out that the cells already died during the recording of the first image. Figure 2c thus represents a cell alive at the onset of STEM, but this should not be confused with live-cell imaging.
The above experiment shows that the visibility of a fluorescence signal within cells using a live/dead assay does not prove at all that the cells are alive but may, in fact, occur also for dead cells for a certain period of time until full disintegration of the cell membranes occurs. One should thus critically consider the origin of the movements or changes of structures as seen in the published image series. 9 Claiming electron microscopy of physiological processes from live organisms requires unambiguous evidence that the organisms were not already lethally damaged while acquiring the first image of the series. The observed dynamical effects 9 could also have been caused by either or a combination of structural rearrangement after radiation damage, 6 movements of the liquid, often seen during electron microscopy, for example, when gas bubbles are created, 20 or simply by Brownian motion. Unless detection schemes are developed allowing at least 3 orders of magnitude lower electron doses, the ability of electron microscopy to study life cell processes at the nanoscale, although very attractive, probably remains wishful thinking. Of course, the possibility should not be ruled out altogether, but reports on this topic should include extensive control experiments. It is feasible to study cellular function by an alternative approach combining light and electron microscopy, whereby a process is followed with the light microscope and "snap shot" electron microscopy is then used to reveal molecular configurations. 2, 21, 22 Chemical fixation, commonly used in light microscopy, 23 can be applied between the two microscopy modalities since a cell is dead after electron microscopy anyway, and the practically achievable spatial resolution largely increases due to the higher stability of the structure. 
METHODS
Assembly of the Cells in the Microfluidic Chamber. The liquid-phase STEM system contained a microfluidic chamber assembled from two silicon microchips with electron-transparent windows of silicon nitride (Protochips Inc., NC). 19 The windows had dimensions of 50 × 400 μm and were 50 nm thick. A sample with cells in liquid was placed between the windows, thus protecting them from the vacuum in the electron microscope. Prior to electron microscopy, fluorescence images were recorded of the microfluidic chamber assembled in the liquid specimen holder. Details of the loading procedure are described elsewhere. 13 Fluorescence Microscopy. High-quality fluorescence images were obtained by using a 60×, 1.0 NA water immersion lens on an inverted microscope (Nikon, Japan, TS100). Water was placed between the lens and the lower silicon nitride window. A control experiment showed that yeast cells remained viable during fluorescence microscopy for extended periods of time. 13 Liquid-Phase STEM. Low dose liquid-phase STEM was accomplished by adjusting the microscope settings at a sample region away from studied region in order to minimize the electron dose with a procedure described elsewhere. 13 Gold nanoparticles at the windows served as feducial markers for the alignment. The STEM (CM200 TEM/STEM, Philips/FEI Company, OR) was operated at 200 keV beam energy, a convergence semiangle of 5.6 mrad, an electron probe current of 0.22 nA, a pixel dwell time of 10 μs, and a pixel size of 25 nm (magnification 4800). Assuming a homogeneous illumination of a pixel, the electron dose thus amounted to 0.2 e − /Å 2 . The annular darkfield detector was operated at a semiangle of 70 mrad. The image noise was filtered using a convolution filter with a kernel of (1, 1, 1; 1, 3, 1; 1, 1 1) in ImageJ (NIH). The gamma level was set to 0.75.
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